We studied the antigenic markers of macrophages (Mphs) in atherosclerotic human arteries by immunohistochemistry and compared them with the patterns in Mph subpopulations of tonsil and lymph node, which are also described.
Introduction
This study shows that the macrophages (Mphs) in atherosclerotic arteries are heterogeneous and that their properties can be linked to stages in differentiation and to position in the arterial wall. Recent histochemical and immunohistochemical observations have confirmed that large numbers of Mphs are present in atherosclerotic plaques (1-3). The earliest lesion, the fatty streak, often present in children and young adults, consists principally of subendothelial foamy Mphs (4). In the advanced stages of the disease, the fibrofatry plaque contains extensive foamy Mphs in the intima, and their distribution is suggestive of a central active role (2-4). An origin of the foam cells and Mphs from circulating monocytes has been suggested by the adherence ofmonocytes over lesions, coupled with evidence that they migrate into the intima (5) (6) (7) (8) . Endothelial adhe-sion molecules that bind monocytes are up-regulated over the plaques (9.10). The lipid accumulation in the cells occurs mainly after their entry into the artery wall.
The method chosen for this study was to characterize the Mphs in the arterial wall with an extensive panel of marker antibodies. Mphs can exhibit much morphological and immunohistochemical heterogeneity (1 I), as exemplified by the well-defined subpopulations present in lymphoid tissues (12-16). Previous immunohistochemical studies have not fully determined the reactivity of tissue Mph subsets with Mph differentiation markers, particularly with antibodies that stain formalin-fixed, paraffin-embedded tissues. It was therefore decided to do a control study on tonsil tissue to define the reactivity of the panel on Mph subsets. The results of the study have suggested that stages of Mph differentiation along the monocyte-histiocyte axis can be identified.
Materials and Methods
Histological Material. Specimens were obtained from the left anterior descending coronary arteries and aortas of 14 subjects undergoing autopsy at Guy's Hospital. The coronary artery was sampled at 1-3 cm below the bifurcation from the circumflex branch. One half of each specimen was snap-frozen in liquid nitrogen and the other fixed in neutral buffered saline for 24 hr. Atherosclerotic plaques of the abdominal aorta were taken in the region within 5 cm of its bifurcation and processed similarly. All autopsies were performed between 24 and 48 hr after the patient's death. Antigenic preservation of post-mortem tissues is good up to 3 days (17). The mean age of the patients was 63 years (range 48-76; eight men and six women).
Arterial specimens that were calcified were treated with formic acid for up to 36 hr before processing. Previous experience has shown that this treatment has very little effect on immunohistochemical staining (18). All fixed sections were then processed to paraffin wax by routine techniques, and 7-pm sections were cut and dried overnight at 5O'C. The frozen tissues were cut into 5-pm sections, dried, and fixed in acetone for 10 min. Morphological assessment of the sections was aided by MSB trichrome and Oil Red 0 staining, in addition to routine stains.
A total of 15 coronary artery (including two from one patient) and six aortic specimens were obtained that were suitable for analysis. These included five in which only the paraffin sections were adequate for analysis and another three with only frozen sections. Other blocks and specimens obtained were discarded for reasons of poor morphology or lack of atheromatous lesions. Often the friable nature of thelesions rendered them difficult to handle, particularly in frozen sections. The specimens were subdivided by histological type, as follows (the numbers being those of coronary and aortic samples, respectively): fibrous atheromatous plaques (a type of advanced lesion with extensive intimal smooth muscle cells but few Mphs) (5,O); fatty streaks (3.2); and fibro-fattyplaques (7,O). A further four aortic lesions, with mild mainly focal intimal thickening. showed a diffuse, near homogeneous infiltration of the intima by foamy Mph. They formed a separate "intermediate" group with histology between that of the classical fatty streak and the advanced plaque. Such lesions have been described previously (19).
Tonsillectomy specimens from routine pediatric surgery were used as controls for the technical efficacy of the immunohistochemical staining of Table 1 . The antibody panela the arteries. The same control sections were used to assess the reactivity of the Mph markers with defined Mph subsets. As tonsils lack sinuses (20), sinus Mphs were read in a lymph node obtained from an autopsy performed 6 hr after death. These cells, together with tonsil subepithelial inflammatory Mphs, were used as examples of recently blood-derived tissue Mphs (RBD-Mphs). Monocytes in tonsil blood vessels were also studied. The large tingible body macrophages (TBM) of the germinal centers represented actively phagocytosing tissue histiocytes. Antigen-presenting cells assessed included the follicular dendritic cells and the interdigitating reticulum cells (IDRC) of the T-zones (14,21) (see below). These cell types are probably not of monocyte origin (22) . A recently identified histiocyte subset that stains with coagulation Factor XI11 antibodies, the histiocytic reticulum cell (16,23,24), was also studied. These were divided into small connective tissue Mphs (SCTMs), mostly spindle shaped, in tonsil septa, and larger dendritic cells present in the T-zones. The latter could not be distinguished from the IDRC by morphology, and therefore T-zone reticulum cells (TZRG) were assessed as a single category. An additional control was a tuberculous granuloma from a surgical specimen. Further information was available on many of the markers from their use on pathological tissues in diagnostic immunohistochemistry.
Immunohistochemistry. A list of the antibodies, their molecular and cellular specificities, references, commercial sources, and conditions of use is given in Table 1 (3,14,15,25-40). Thirteen Mph markers were used, the remaining antibodies were used to delineate other cell populations. The optimal tissue processing method (cryostat or paraffin), enzyme digestion conditions, and antibody dilutions had been determined for each antibody in extensive previous studies (Tible 1) (41) . Monoclonal antibodies were stained by indirect immunoperoxidase, and polyclonal antibodies by the peroxidase-antiperoxidase technique. Sequentially cut sections were used in the majority of the study. The staining was done in batches of specimens with the same antibody to avoid interassay variance. Normally one section per antibody was stained. Batches with inadequate staining of the control sections were rejected and repeated. A simple scoring system was adopted for visual interpretation of the The intensity score and the frequency factor were added to give the staining index.
slides to allow quantitative analysis of the data (Iible 2). It was derived from one used for the reporting of diagnostic immunohistochemistry and was primarily based on the intensity of staining, but the frequency of cells was also taken into account. The recorded staining index, in the range of 0-5, was the sum of the intensity score and the frequency factor. The rationale for this scheme is that the frequency of stained cells and the intensity are often closely correlated. It seems likely that this is due to a statistical variation of the intensity of marker expression on individual cells, and positivity only being observed on a subpopulation with a level of expression above a threshold determined by the technique. Therefore, a combination of strength and extent of reaction should give the most sensitive indicator of the ability of a marker to label a cell population. The slides were read independently by both authors, and by RP sequentially by case on one occasion and by marker on another. All readings agreed well, and the mean was taken as the final score. When an observation was made on a particular arterial area, the pan-macrophage markers HAM56 and EBMll were used as a measure of the total Mph population in paraffin and frozen sections, respectively. The frequency factor with other markers was judged in relation to the pan-macrophage marker finding. The plus 1 factor was used to indicate the very extensive staining seen in some sections with HAM56 and EBMl1, to avoid a saturation ofthe scoring system at the maximal value. When no cells were stained with these reference markers, no data with other markers, not zero, was entered into the statistical analysis.
The arterial intimas were read in three layers: (a) subendothelial cells, a layer approximately 100 pm thick, extending outwards from the luminal margin; (b) mid-intimal zone, the remainder not including a and c; and (c) outer intima, extending inwards approximately 200 pm from the internal elastic lamina, taking the innermost component when it was fragmented.
The extent of neovascularization of the intima wds estimated by anti-Factor VIII-related antigen (Dako) staining of endothelial cells and scored on an arbitrary 0-4 scale. In addition, the arteries were assessed for the extent of adventitial inflammatory cell infiltrates and scored similarly. Statistical analysis was by the non-parametric Wilcoxon rank sum test and the Kendall (tau b) rank correlation test. The latter is the appropriate correlation statistic when multiple ties exist in ranked data.
Results

Characterization in Lymphoid Tissue of Macrophage Reactivity
Pan-macrophage Markers. The reactivity of the antibody panel with Mph subpopulations in tonsil and lymph node (sinus Mph) is shown in Table 3 . HAM56 and EBMll stained all types of Mph present, the reactions usually being strong. Follicular dendritic cells were negative. HAM56 also reacted weakly with B-lymphocytes and blood vessels. On frozen sections, the CD14 antibodies FMC33, BRC-MI-MA5, and Leu-M3 all had a broad spectrum of reactivity on Mph populations, as previously described (34). This collection of antibodies forms a pan-macrophage marker group.
Recently Blood-derived Macrophage Markers. Muramidase antibody and the monoclonal MAC387 showed similarities of staining. Both reacted well with monocytes, sinus cells, and subepithelial Mphs. The TBMs were not stained by either antibody, nor were the TZRG. MAC387 reacted well with the SCTMs, whereas muramidase was not detected in them. a-1-anti-trypsin could be demonstrated in TBMs but otherwise was seen in rather few cells, except that monocytes and polymorphs were well stained. Leu-MI showed even greater specificity for blood monocytes, as exceedingly few tissue macrophages reacted. The good staining of monocytes for muramidase, a-1-anti-trypsin, and MAC387, together with the limited reaction with tissue Mphs, places these markers in a group and suggests that they are reacting with tissue Mphs that have recently been derived from the blood. They will be referred to as the recently blood-derived Mph (RBD-Mph) marker group. This Table 3 concept is supported by the findings on the arteries that follow and by results from other studies (see Discussion).
. Reactions (mean staining index) of antibodes with macrophage subpopulations in lymphoid tissueP9
Tissue Macrophage Markers. Factor XIIIa gave strong staining of SCTM ( Figure IC) and some large dendritic T-zone cells. The reactivity of pan-Mph markers of the panel with the SCTMs confirms their macrophage nature. A previous report has suggested that the T-zone cells are distinct from the antigen-presenting IDRC (23). HLA-DR expression was maximal on TZRCs and lower levels were present on other Mphs, whereas TBMs were negative. LN2 was similar in that it gave cytoplasmic staining of a dendritic population in the T-zones; however, it also reacted with the cytoplasm of many Mphs and giant cells of a tuberculous granuloma ( Figure  ID ) and with a mainly nuclear component of B-lymphocytes. In addition, granular cytoplasmic plus nuclear reactivity was seen in SCTMs. Antibody to S-100 reacted intensely with TZRCs and the Langerhans cells of the epidermis, as previously described (27). These four antibodies form a third group with specificity for Mphs in various later stages of differentiation, including tissue histiocytes and antigen-presenting cells. They can be used to define similar cell types in the atherosclerotic lesions ( Figures 1A and 1B) .
Results on Arterial Sections
The mean levels of staining in the three levels of the intimas of all arteries are shown in Figure 2 , and are considered in detail below. The overall levels of intimal staining divided by lesion subtype are shown in Figure 3 , where it can be seen that related markers show patterns of reactivity among the subtypes that are very similar to each other. The reactivities of the three intimal levels within the subtypes were generally similar to those of the collected results, but owing to the smaller numbers only a few of the differences between the levels achieved statistical significance (not shown).
Distribution of Macrophages. The mean results for all arterial lesions ( Figure 2) show that the pan-Mph markers HAM56 and EBMll gave very extensive strong staining of the intimal cells. The pan-Mph staining by these antibodies gave a means of comparing the numbers of macrophages in the corresponding intimal layers of the frozen and paraffin sections from the same arteries to allow a cell of the similarity of frozen and paraffii sections from the same specimens. Ranking of results from the descriptive scale of number employed showed that there was agood but not complete correlation between the specimens (n = 37; tau = 0.667; p<O.OOl).
The reactive cells included the majority of the intimal foam cells and were usually present in greatest numbers in the mid-intimal Figures 2 and 4A ). However, slightly more reactivity was seen with HAM56 in the subendothelial region of fatty streaks and in the deep region of fibrous plaques with EBM11. These differences relate to the histological features of these lesions, but the results overall emphasize the tendency for the Mphs to be concentrated in the mid-zone region of the intima, as defined. It should be noted that in any artery with significant intimal thickening, the definition was such that it included the majority of the intimal layer. The deep intimal region was usually less cellular, with various quantities of lipid-rich debris. This was most plentiful in fibro-fatty plaques, which in some cases had cell ghosts or debris on the inner aspects of fat deposits. These plaques frequently had mid-zone foamy Mphs at their margins (shoulders). By contrast, the fibrous cap on the inner aspect of the lesions contained few such cells, but instead the cells reacted with the smooth muscle cell marker HHF35. This marker in general showed complementarity with the pan-Mph markers and stained the majority of the cells that were unreactive with them.
In the pooled results of the study (Figure 2) . the CD14 pan-Mph markers showed a similar distribution to HAM56 and EBM11, with maximal staining in the mid-zone reflecting the greater number of cells present. However, levels of staining were generally considerably less, and differences of reactivity in the histological subtypes of lesions suggest that some selective staining of Mph subtypes may be present (Figure 3) .
The RBD-Mph markers revealed a strikingly different pattern. They all gave the greatest reactivity in thesubendothelid layer and progressively decreased staining outwards through the intima ( Figures 4B-4D ). This was true not only for the overall results (Figure 2) but also for each of the histological subgroups, including the late stage fibro-fatty and fibrous lesions, although to a lesser extent than in the earlier lesions. The increased overall score with muramidase and a-1-anti-trypsin in the subendothelial layer compared with the mid-zone was statistically significant (paired Wilcoxon test). This contrasted with the significantly decreased score in the subendothelial layer with HAM56 and EBM11. The general levels of staining with the RBD-Mph markers were much less than with these reference pan-Mph antibodies (compare Figures 4B and 4C with 4A; Figure 2 ). The highly restricted monocyte marker Leu-M1 stained very few cells in any of the arteries, except for a few monocytes adherent to the endothelium. With the atheroma subtypes, muramidase and a-1-anti-trypsin gave similar results and stained best in fatty streaks. MAC387, however, produced a different pattern, more resembling that of the pan-macrophage markers, and showed maximal expression in fibro-fatty lesions.
The markers of late Mphs were similar to the pan-Mph group in giving maximal overall reactivity in the mid-intimal zone (Figures 4 Figure 4 Figure 1 . Bar = 100 pm. IA, 1B, and 2). Among the histological subtypes, Factor XI11 and LN2 both gave similar pattems, with the greatest reactions in the intermediate group of aortic lesions (Figure 3) , although the overall levels with LN2 were low. m 1 B 5 (HLA-DR), by contrast, reacted best in fatty streaks. S-100 antibody showed little reaction with the arterial Mph populations.
. lmmunoperoxidase staining of arterial intimas with pan-macmphage and recently blood-derived macrophage markers. (A-C) Aorta, intermediatetype lesion (raised fatty streak). Endothelium to left, extending to mid-intimal zone, right. (A) HAM56 (pan-Mph). All macrophages, including large foam cells (arrows). are stained intensely. Staining index 4. (B) MACW(RBD-Mph). Subendothelial macrophages only are reactive (index 3). (C) a-1-anti-trypsin (RBD-Mph). Moderate staining of subendothelial cells (arrws) index 3). (D) Coronary
fibro-fatty plaque(shou1der region, endothelium at top). Muramidase (RED-Mph); strong reaction of subendothelial cells (index 4). Conditions as in
Lymphocytes. Adventitial infiltrates, when present, had lymphocytes as the predominant cell type. UCHLl and MB2 staining showed them to be predominantly T-cells. HAM56 staining demonstrated that there was also an extensive Mph component and that this extended out of the adventitia into the surrounding fat. The adventitial infiltrates were also often associated with a diffuse T-lymphocyte infiltrate into the intima. There was a correlation (p<0.05) between the adventitial infiltrates and the CD14 marker Leu-M3 in intimal cells and with HLA-DR if the outer intimal layer alone was considered.
Neovascularization. "vascularization was seen in nine cases in the mid or deep zones and was often associated with perivascular infiltration of cells. The effects on Mph populations were evident in the deep zone, where the Factor VI11 index showed a significant correlation with HAM56 (Table 4 ). When the results of all layers of the intima were considered, Leu-M1 correlated with Factor VIII. There was no association between neovascularization and the presence of adventitial infiltrates.
Correlations Between Marker Results. Table 4 shows the rank correlations between the results with the marker panel derived from all the observations on the arterial specimens. Many of the markers correlated with the HAM56 index, a measure of the total Mph population, although none achieved a significant relation with EBM11. The RBD-Mph markers formed a tight duster with high correlations (p<O.OOl-0.05). Factor XIIIa, LN2, and MAC387 were associated (~K0.05): these are the same markers as found on the SCTM of the tonsil. The CD14 markers formed a group, and they also correlated with MAC387. Some caution is required, however, in interpreting correlations such as between CD14 and MAC387, as they are between the frozen and paraffin blocks, and these showed some histological differences.
Discussion
The presence of Mph heterogeneity in atherosclerosis, revealed by widely differing pattems of reactivity with the antibodies of the marker panel, is clear from this study. The good histology of the paraffin sections has assisted considerably with the analysis of the Mph populations in this study. The detailed analysis of the results has depended on a semiquantitative assessment of visual microscopy, combined with the use of non-parametric statistics. We were surprised by the success of this approach. Although it might be argued that subjective bias could be introduced, we do not believe that the results have been influenced to a significant extent.
Macrophage Populations in Lymphoid Tissues
The RBD-Mph markers Leu-M1, a-1-anti-trypsin, muramidase, and MAC387 give limited reaction with tissue histiocytes in control tonsils, increasing in the order given. Comparison with HAM56 shows that even MAC387 reacts with a more limited population. It therefore appears that the RBD-Mph markers, despite being expressed well on monocytes, are lost at variable rates on migration of the cells into the tissues. MAC387 reacts with the p8/14 molecule (calgranulin), and another antibody, 27E10, against this protein has given similar staining of Mph populations (42, 43) . Moreover, this protein, and in particular the 14 KD component with which MAC387 reacts, has been shown to be expressed maximally at an early stage of monocyte-Mph differentiation and is absent at later stages (44) . Table 4 Tirsue processing: P, parain; F, frozen. Details of antibodies are given in Table 1 .
. Corelation of staining scores of a r t e d intimal reaa'ingsaPd
It therefore appears that the phenotype of the Mph can give an insight into its dynamics. Current studies with these markers in other tissues support this view. In multiple sclerosis plaques, the same RBD-Mph markers stain only perivascular cells, whereas HAMS6 stains Mphs in a wider distribution in the demyelinating lesions (45) . Furthermore, tumors investigated for diagnostic purposes have often shown far more extensive staining of reactive macrophages with HAM56 than with MAC387 or muramidase.
Previous tissue culture experiments on muramidase expression produced a result that apparently conflicts with the present findings. Culture of monocytes in serum in vitro allowed maturation to macrophages but surprisingly resulted in a tenfold increase in muramidase production (46) , unlike the loss universally seen in tissues in this study. Possibly blood contains factors that induce the expression of RBD-Mph-like markers on monocytes or macrophages. It is noteworthy that splenic red pulp Mphs, a population in intimate contact with blood, express Leu-M1 (E), a marker rarely seen on tissue Mph. On the other hand, the adjacent marginal zone and white pulp cells, not bathed in blood, are mostly negative.
The remainder of the panel reacted well with the varieties of Mphs found in tissues. Much complex diversity of these cells is possible, as is shown here in lymphoid tissues and has been found between other organs (15,16). The diversity involves both differentiation and activation: activation can be produced by cytokines from T-cells, endotoxin, phagocytosis, and other stimuli. In vitro this can lead to new antigen expression and also to increased HLA Class I1 and Fc receptor expression (47, 48) . The pattern of these changes can vary with the stimulus (47) . In tissues, elevated levels of HLA-DR expression can indicate either activation or a cell of antigenpresenting (IDRC) type. s-100 can help to make the distinction through its selectivity of IDRC. Of the other markers, Factor XIIIa antibody has been useful in highlighting a relatively little-known cell, the connective tissue histiocyte (SCTM). This is shown to be positive for HAM56, EBM11, MAC387, Factor XIII, CD14, LN2, but negative for Leu-M1 (CDlS), muramidase, and a-1-anti-trypsin.
It is important to note that of the panel employed, HAM56 and EBMll gave by far the most efficient detection of Mphs, with the greatest breadth and intensity of staining over the range of Mph subtypes. HAM56 has the great advantage of functioning in paraffin sections but is not completely specific for Mph. Since this work was done, a further pan-Mph antibody, PGM-1 (Dako), has become available that is efficient in paraffin sections.
Athero matous Plaques
This work has shown that the heterogeneity in the phenotypes of the Mph populations of atherosclerotic lesions relates to anatomic localization and lesion subtype. A previous study on atherosclerosis with the 27E10 antibody produced similar results to the RBD-Mph group shown here and came to the same conclusions (43) . The maximal subendothelial staining ofthe RBD-Mph markers and their contrast with the remainder of the panel correlates excellently with the view that the majority of Mphs enter an atherosclerotic lesion at the luminal surface from the blood and subsequently migrate outwards through the wall. The common failure of these cells to react with Leu-M1 demonstrates the rapid loss of the CD15 antigen on their separation from the blood and distinguishes them from polymorphs. This Mph population is similar to that seen previously by enzyme histochemistry with a range of enzymes, including cytochrome oxidase and acid esterase (49) (for review see 50) . Although the hypothesis that the carriage of these markers reflects recent origin of the blood is highly attractive and is supported by culture data (46) , it must not be accepted uncritically. An alternative view might be that the Mphs in their perivascular position are subject to the action of substances diffusing from the blood that are capable of inducing antigen expression. However, the subendothelial cells are smaller and have a greater morphological resemblance to monocytes than the Mphs more distant from the blood, supporting the migration hypothesis. The presence of subendothelial RBD-Mphs in all histological stages of atherosclerosis therefore implies that Mph entry is a continual process through the history of a plaque, and correlates with the expression of endothelial adhesion molecules that bind leucocytes (9,lO). This traffic may therefore be of considerable significance for the maintenance and progression of the lesion. Prevention of the process might be of therapeutic value.
The varied patterns of reactivity between histological subtypes of atherosclerosis seen with histiocyte markers suggests that further heterogeneity is present in the arterial wall. The strong expression of HLA-DR in fatty streaks and fibro-fatty plaques may correlate with Mph activation in these lesions. In addition, the association of HLA-DR expression in the outer intimal layer with adventitial infiltrates suggests that infiltrating T-lymphocytes cause macrophage activation in the arterial wall (51) . Further studies with macrophage activation markers would be of interest.
The presence of Factor XIIIa-positive cells in atherosclerotic lesions may be of functional importance. Factor XIIIa stabilizes fibrin and may cooperate with other Mph-derived substances in promoting thrombogenesis (11, 52) . The correlation of Factor XIIIa with other markers of the lymphoid connective tissue histiocyte (SCTM) population suggests that similar cells are present in atherosclerosis. By contrast, the low levels of S-100 protein in the intimal cells argue against any appreciable IDRC-like population.
The relative lack of Mphs in the outer intima correlates well with previous suggestions that conditions in this part of the wail are unfavorable to the existence of cells through defects in oxygenation or nutrition (for review see 53). The lowest oxygen tension in the arterial wall is at the intimomedial junction (54) . Death of Mphs may therefore be important in releasing lipids to join the extracellular pools that are frequently found in this zone. The powerful effect of revascularization in increasing macrophage numbers (55) is confirmed.
The pathological arterial tissues of this study have given correlations between the results with markers of the panel. This analysis is comparable to that in the Leucocyte Typing Conferences (56), where markers are clustered by their reaction with normal cells and cell lines. In this instance it gives further evidence of similarity of cell population (rather than marker or molecule) recognized; for example, it suggests that the well-correlated markers of RBD-Mphs, although of different biochemical specificities, are all recognizing related cell populations. 
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